Parkinson's disease (PD) is a neurodegenerative disorder affecting motor control. Dysfunction 21 of motor cortices has been suggested to contribute to the motor symptoms of PD. However, little 22 controlling the direction of tongue movements, as optogenetic silencing of ALM can introduce a 55 directional bias towards the ipsilateral side (Guo et al., 2014; Li et al., 2015) . Although ALM has 56 been studied for its involvement in controlling normal licking, how lack of dopaminergic signaling 57 impacts activity and function of this region remains unknown. 58
is known on the link between cortical dopaminergic loss, abnormalities in neural activity and motor 23 deficits. We address this issue by focusing on the anterior lateral motor cortex (ALM) of mice 24 performing a cued-licking task. We first demonstrate licking deficits and concurrent alterations of 25 spiking activity in ALM of hemi-parkinsonian mice. Hemi-parkinsonian mice displayed delayed 26 licking initiation, shorter duration of licking bouts, and lateral deviation of tongue protrusions. In 27 addition, we observed a reduction in cue responsive neurons and altered preparatory activity. Acute 28 and local blockade of D1 receptors in ALM recapitulated some of the behavioral and neural deficits 29 observed in hemi-parkinsonian mice. Our data show a direct relationship between cortical D1 30 receptor modulation, cue-evoked and preparatory activity in ALM, and licking initiation.
INTRODUCTION 32
Dysfunction of motor cortices, which are important for movement planning, initiation and 33 execution, has been suggested to play a role in the motor symptoms of Parkinson's disease (PD) 34 (Lindenbach and Bishop, 2013) . Studies on motor cortices of human patients and animal models 35 of PD revealed abnormalities in preparatory activity, excitability, excitation/inhibition balance and 36 oscillatory dynamics (Doudet et al., 1990; Ridding et al., 1995; Goldberg et al., 2002; Escola et 37 al., 2003; Lefaucheur, 2005; Pasquereau and Turner, 2011; Pasquereau et al., 2015) . However, 38 several questions regarding the role of motor cortices in the pathogenesis of PD symptoms remain 39 unanswered. First, it is unclear whether abnormal patterns of motor cortical activity are secondary 40 to dysfunction of the basal ganglia or whether they result from disruption of local dopaminergic 41 modulation. Related to this is the question of the causal role of specific motor cortical 42 abnormalities in generating some of the parkinsonian symptoms. In fact, little is known about the 43 direct link between loss of dopaminergic signaling in the cortex, alterations of motor cortical single 44 unit activity, and motor deficits. 45
Here, we investigate the role of motor cortex dopaminergic transmission in movement initiation 46 and execution focusing on the anterior lateral motor cortex (ALM) of mice engaged in a cued-47 licking task. We choose licking because it is an innate motor behavior whose cortical control is 48 well-studied. Licking in rodents is regulated by a central pattern generator circuit in the brainstem, 49
which is under the control of the motor cortex (Travers et al., 1997) . ALM plays an important role 50 in the planning and execution of licking (Komiyama et al., 2010; Guo et al., 2014; Li et al., 2015; 51 Inagaki et al., 2018) , as reflected by the presence of neurons whose firing rates are modulated 52 before the onset of the movement (defined as "preparatory" neurons) (Guo et al., 2014; Li et al., 53 2015; Chen et al., 2017; Inagaki et al., 2018) . In addition, this area appears to be responsible for 54
RESULTS 72
Unilateral injections of 6-hydroxydopamine (6-OHDA) into the medial forebrain bundle (MFB) 73 of mice were used to model PD. 6-OHDA causes a unilateral depletion of dopaminergic fibers in 74 the striatum and loss of dopaminergic neurons in ventral tegmental area (VTA) and substantia 75 nigra pars compacta (SNc) (Figure 1A and 1B) (Lundblad et al., 2004; Thiele et al., 2012) . The 76 effectiveness of the lesion was assessed by comparing the number of weight bearing wall touches 77 between the ipsilateral and contralateral forelimbs with a cylinder test ( Figure 1C ) (Schallert et 78 al., 2000; Lundblad et al., 2002) . Lesioned mice show a lower percentage of touches with the 79 contralateral forelimb compared to intact mice (Lundblad et al., 2004) . In accordance with the 80 literature (Lundblad et al., 2004; Lundblad et al., 2005) , we defined mice as hemi-parkinsonian 81
(and as such eligible for this study) if they showed less than 40% usage of the contralateral paw 82 compared to control ( Figure 1D) . We confirmed the loss of dopaminergic fibers with histological 83 staining. 84 85
Licking deficits in hemi-parkinsonian mice 86
To assess for possible deficits in licking behaviors, hemi-parkinsonian mice (n = 7) and vehicle 87 injected control mice (n = 9) were trained to lick a spout to receive a drop of sucrose 1 s after an 88 anticipatory auditory cue (Figure 2A) . Figure 2B and 2C show raster plots of licks from control 89 and hemi-parkinsonian mice, respectively. We analyzed the latency and duration of licking bouts 90 ( Figure 2D) . The latency of bout initiation was significantly longer in lesioned mice compared to 91 controls (2.40  0.08 s vs 1.06  0.04 s, t(14) = 15.78, p < 0.001) (Figure 2E) . The bout duration 92 was shorter in lesioned mice relative to controls (1.05  0.06 s vs 1.70  0.062 s, t(14) = -7.24, p < 93 0.001) ( Figure 2F) . The inter-lick interval, however, was not significantly affected (hemi-94 parkinsonian vs control: 138.8  4.1 ms vs 144.8  4.5 ms, t(14) = -1, p = 0.336). In addition to the 95 timing, we also assessed the direction of tongue movements during licking via analysis of videos 96 of the orofacial region ( Figure 2G) . The direction of tongue movements was quantified by 97 calculating the angle between the axis of symmetry of the tongue and the midline of the mouth 98 (see methods). A positive angle indicated a directional bias toward the side ipsilateral to the lesion, 99 whereas a negative angle indicated a contralateral bias. Hemi-parkinsonian mice showed a positive 100 licking angle that was significantly different from that observed in control mice (27.9 ± 5.8 deg vs 101
Altogether, these results demonstrate that hemi-parkinsonian mice have a longer latency to 103 initiate a lick, a shorter duration of licking bouts, and a directional bias of the tongue toward the 104 side ipsilateral to the lesion. were analyzed separately depending on whether they were recorded on the side ipsilateral or 115 contralateral to the site of the 6-OHDA lesion. We focused on firing rate modulations occurring in 116 the interval from the onset of the cue to the initiation of licking bouts. We aligned neural activity either to the cue or to the bout initiation, and categorized neurons as cue responsive and/or 118 preparatory depending on whether their firing changed shortly after the cue and/or just before 119 licking (see methods). Figure 3A shows raster plots and PSTHs for two representative cue-120 responsive neurons from control mice: one excited and one suppressed by the auditory cue. We indicates that, in a subset of neurons, preparatory activity started longer than 500 ms after the cue, 136 thus closer to licking onset. Figure 3C shows raster plots and PSTHs of two representative neurons 137 with preparatory activity recorded in control mice: the activity of one of the neurons is increased 138 and that of the other neurons is suppressed before the initiation of a licking bout. In total, the 139 percentage of neurons showing preparatory activity was 78.9% (138/175) in control, 66.7% (56/84) 140 in the ispsilateral side and 75.3% (58/77) in the contralateral side of hemi-parkinsonian mice 141 ( Figure 3D) . Although the proportion of preparatory responses was similar across groups 142 (Pearson's  2 test,  2 (2) = 4.50, p = 0.105), there were significant differences in the ratio of 143 excitatory and inhibitory responses (Pearson's  2 test,  2 (2) = 16.06, p < 0.001). Specifically, the 144 ipsilateral side from hemi-parkinsonian mice had a significantly different proportion of excitatory 145 (Figure 7H and 7I) . 236
Altogether, these results show that acute, intra-ALM infusion of a D1 receptor antagonist not 237 only reproduces the slower licking initiation, but also recapitulates the reduction of cue responsive 238 neurons and the slower onset of preparatory activity observed in hemi-parkinsonian mice. in which rats were trained to press a disk with their tongue, and did not investigate neither natural 269 licking nor its latency of onset. Here, we studied tongue movements in the context of simple cued-270 licking paradigm. Hemi-parkinsonian mice displayed slower licking initiation, shorter bout 271 duration (i.e. fewer licks per bout) and deviated tongue protrusion. The lesion did not affect inter-272 licking interval, demonstrating that the speed of each lick was not an issue in our animals. 273
These motor deficits could reflect an inability to control movement initiation, execution and 274 termination. It is possible that some of the deficits observed in our task may be secondary to 275 impairments in learning (Wise, 2004) . For instance, delayed licking could derive from a reduced 276 ability to associate a predictive cue with a reward. According to this view, longer latency to initiate We showed that unilateral 6-OHDA lesion of the medial forebrain bundle impacts activity in 300 the ALM. There was a significant reduction in the proportion of neurons whose firing rates showed 301 modulation by the cue predicting the arrival of the spout. This result is consistent with the 302 hypothesis of hypo-activation of motor cortex in PD and with recordings from MPTP-treated 303 monkeys showing fewer cue responsive neurons in lesioned animals compared to controls (Escola 304 et al., 2003) . Although the total number of neurons changing their firing rates just before licking 305 (i.e., preparatory neurons) was not affected by unilateral 6-OHDA lesion, we observed alterations 306 in the ratio of excitatory and inhibitory modulations. Changes in excitation and inhibition were 307 GABAergic tone observed in PD patient (Ridding et al., 1995) . Finally, in addition to the changes 312 described above, we observed deficits in the timing of preparatory activity. Preparatory activity in 313 6-OHDA lesioned mice had a longer latency from the cue compared to control mice, consistent 314 with the delayed onset of the licking initiation observed after 6-OHDA lesion. Unilateral dopamine 315 depletion affected the timing of preparatory activity also when spiking was aligned to the onset of 316 licking. In lesioned animals, preparatory modulations in firing rates appeared less spread in time 317 and more closely clustered toward the onset of the movement relative to control mice. While the 318 specific abnormalities differ depending on the cortical area examined and the type of lesions, 319 changes in timing of neural activity were also observed in primate models of PD and in human PD 320 patients (Doudet et al., 1990; Pasquereau et al., 2015) . Specifically, in a reaction time task, PD 321 patients showed a longer latency in initiating movement paralleled by a slower buildup of neuronal 322 activation over the motor cortex (Dick et al., 1989; Mazzoni et al., 2012) . 323
The results from acute D1 receptor blockade experiments provide very important information 324 regarding the relationship between firing abnormalities in the cortex and licking deficits. They 325 demonstrate that the reduction of cue responsive neurons and the delaying of preparatory activity 326 in ALM can be sufficient to generate changes in motor systems leading to delayed licking. 327
Furthermore, the lack of changes in balance between excitatory and inhibitory preparatory activity 328 is evidence that this abnormality has limited causal role with regard to licking timing, and perhaps 329 is more involved in tongue deviation (a symptom not present after local manipulations of ALM). paradigm remains to be seen and will be the subject of future investigations. 356
MATERIALS AND METHODS 358

Experimental subjects 359
The experiments were performed on adult male mice (C57BL/6, 12-20 weeks old, Charles 360 River). Mice were group housed and maintained on a 12 h light/dark cycle with ad libitum access 361 to food and water unless otherwise specified. All experimental protocols were approved by the 362 Institutional Animal Care and Use Committee at Stony Brook University, and complied with 363 university, state, and federal regulations on the care and use of laboratory animals. 364 365
Surgical procedures for 6-OHDA injections in the medial forebrain bundle 366
Mice were anesthetized with isoflurane (1-1.5%) in oxygen (1 L/min). Once fully anesthetized, 367 mice were placed on a stereotaxic apparatus. The scalp was cut open to expose the skull and a hole 368 was drilled above the medial forebrain bundle (MFB, anterior-posterior: -1.2 mm, medial-lateral: 369 1.3 mm, dorsal-ventral: -4.75 mm). In a first group of mice (referred hereafter as 6-OHDA lesioned 370 or hemi-parkinsonian), 3.5 µg 6-OHDA dissolved in 1 µl 0.02% ascorbic acid (vehicle, prepared 371 from sterile saline) was unilaterally injected into the MFB. A second group of mice (sham-lesioned 372 mice, referred hereafter as control) underwent the same surgical procedure but received 1 µl 373 vehicle injection into the MFB. To prevent dehydration, mice were monitored daily and 374 subcutaneously injected with 1 mL lactated ringer's solution after the surgery as needed. In 375 addition, food pellets soaked in 15% sucrose were placed on the floor of cages to facilitate eating 376 (Francardo et al., 2011) . 377 378
Behavioral screening of lesion: cylinder test
Two to three weeks after the MFB lesion surgery, mice were placed into a clear plastic cylinder. 380
Mice could freely explore the cylinder, rearing and touching the cylinder wall with their forepaws. 381
The behavior during the first 3 min in the cylinder was videotaped and analyzed. The number of 382 wall touches with the ipsilateral or contralateral forepaw was counted and used to calculate the 383 forepaw preference. Only lesioned mice with less than 40% usage of contralateral forepaw for 384 touching the cylinder wall were used for further experiments (Lundblad et al., 2004) . Hallstahammar, Sweden) around an infusion guide cannula (26 gauge). Electrodes, cannulae or 401 electrode-cannula assemblies and a head bolt (for the purpose of head restraint) were cemented to 402 the skull with dental acrylic. Mice were allowed to recover from surgery for a week before starting 403 water restriction regimen. 404 405
Cued-licking paradigm 406
Following recovery, mice were started on a water restriction regime, with 1.5 ml water daily 407 one week before training. Weight was monitored and maintained at > 80% of the standard weight 408 
D1 receptor antagonist infusion in ALM and electrophysiological recordings 436
After recovery from the surgery for at least a week, mice were water restricted and trained to 437 perform the cued-licking paradigm. Testing started after 8-12 days of training. Thirty minutes 438 before a testing and electrophysiological recording session, mice were head restrained and a 33-439 gauge inner cannula (0.5 mm projection) was inserted into the guide cannula. 0.5 µl of a solution 440 of either the D1 receptor antagonist (5 µg/µl SCH23390 hydrocloride, Sigma-Aldrich) or sterile 441 saline (0.9%) were infused into ALM at 0.25 µl/min using a syringe pump (11 plus, Harvard 442 Apparatus). Single units were recorded and sorted offline as described above. Each session of 443 saline infusion was followed, on the day after, by a session with D1 receptor antagonist infusion. 444
Each mouse underwent 1-2 sessions of saline and SCH23390 infusion. 
